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Abstract
Proteolytic processing of secretory proteins to yield an active form generally involves specific proteolytic
cleavage of a pre-protein. Multiple specific proteases have been identified that target specific pre-protein
processing sites in animals. However, characterization of site-specific proteolysis of plant pre-proteins is still
evolving. In this study, we characterized proteolytic processing of Chlamydomonas periplasmic carbonic
anhydrase 1 (CAH1) in Arabidopsis. CAH1 pre-protein undergoes extensive post-translational modification
in the endomembrane system, including glycosylation, disulfide bond formation and proteolytic removal of a
peptide ‘spacer’ region, resulting in a mature, heterotetrameric enzyme with two large and two small subunits.
We generated a series of small-scale and large-scale modifications to the spacer and flanking regions to identify
potential protease target motifs. Surprisingly, we found that the endoproteolytic removal of the spacer from
the CAH1 pre-protein proceeded via an opportunistic process apparently followed by further maturation via
amino and carboxy peptidases. We also discovered that the spacer itself is not required for processing, which
appears to be dependent only on the number of amino acids separating two key disulfide-bond-forming
cysteines. Our data suggest a novel, opportunistic route for pre-protein processing of CAH1.
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Abstract
Proteolytic processing of secretory proteins to yield an active form generally involves specific proteolytic cleavage 
of a pre-protein. Multiple specific proteases have been identified that target specific pre-protein processing sites in 
animals. However, characterization of site-specific proteolysis of plant pre-proteins is still evolving. In this study, we 
characterized proteolytic processing of Chlamydomonas periplasmic carbonic anhydrase 1 (CAH1) in Arabidopsis. 
CAH1 pre-protein undergoes extensive post-translational modification in the endomembrane system, including gly-
cosylation, disulfide bond formation and proteolytic removal of a peptide ‘spacer’ region, resulting in a mature, het-
erotetrameric enzyme with two large and two small subunits. We generated a series of small-scale and large-scale 
modifications to the spacer and flanking regions to identify potential protease target motifs. Surprisingly, we found 
that the endoproteolytic removal of the spacer from the CAH1 pre-protein proceeded via an opportunistic process 
apparently followed by further maturation via amino and carboxy peptidases. We also discovered that the spacer itself 
is not required for processing, which appears to be dependent only on the number of amino acids separating two key 
disulfide-bond-forming cysteines. Our data suggest a novel, opportunistic route for pre-protein processing of CAH1.
Key words:  Carbonic anhydrase, Chlamydomonas reinhardtii, endomembrane system, post-translational modifications,  
pre-protein processing, proteases.
Introduction
Site-specific limited proteolysis is a selective mechanism that 
can be either co-translational or act in concert with other post-
translational modifications in many cellular processes such as 
embryogenesis (Zhu et al., 2002), stress response (Thornberry 
and Lazebnik, 1998; Liu et al., 2007; Polge et al., 2009), mat-
uration of inactive hormones, neuropeptides and growth 
factors (Rholam and Fahy, 2009; Seidah, 2011), maturation 
of small secreted plant signalling peptides (Matsubayashi, 
2011), and intracellular protein targeting (Martoglio and 
Dobberstein, 1998). Typically, genes are first transcribed in 
the nucleus to generate mRNA that is in turn translated in the 
cytosol to form a pre-protein. The endomembrane targeting 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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signal peptide, which is present at the N-terminus of many 
pre-proteins, is identified by a signal recognition particle 
(SRP), targeting the nascent polypeptide to the endomem-
brane, where signal peptidase cleaves the signal peptide as the 
polypeptide chain gains entry into the endoplasmic reticulum 
(ER). During the journey through the secretory pathway that 
includes the ER, Golgi bodies and secretory vesicles, secre-
tory proteins undergo a series of post-translational modi-
fications required to generate correctly folded, functional 
proteins. In the current research, we are studying post-trans-
lational modification, especially the proteolysis, of a secreted 
protein, periplasmic carbonic anhydrase 1 (CAH1) from a 
unicellular eukaryotic green alga, Chlamydomonas reinhardtii 
(Chlamydomonas, hereafter).
Carbonic anhydrase is a universal enzyme that cataly-
ses reversible hydration of CO2 (CO2+H2O↔HCO3−+H+). 
Chlamydomonas acclimates to limiting CO2 concentration 
via an acclimation response known as the CO2-concentrating 
mechanism (CCM). One component of this CCM is induc-
tion of a nuclear gene, CAH1, producing the CAH1 protein 
(Fukuzawa et al., 1990, Fujiwara et al., 1990). The primary 
product of CAH1 is a 41.6 kDa pre-protein, which undergoes 
intense post-translational modification to give rise to a gly-
cosylated heterotetramer assembled with disulfide bridges, 
which ultimately is secreted (Fukuzawa et al., 1990). CAH1 
(Fig. 1) has a 20-amino-acid signal peptide that targets the 
pre-protein to the ER and is removed presumably during 
its insertion into the ER. During further post-translational 
processing, a 35-amino-acid peptide stretch referred to as 
the ‘spacer’ is proteolytically removed to yield one large and 
one small subunit. Oligomerization results in the formation 
of a heterotetramer comprising two large subunits and two 
small subunits held together by disulfide bridges (Kamo 
et al., 1990). There are three asparagine-linked glycosylation 
sites, Asn–X– Thr/Ser (Fig. 1), in the large subunit, which are 
all glycosylated (Ishida et al. 1993). Various aspects of this 
unique post translational processing are yet to be fully under-
stood. For example, it is still not known whether any specific 
amino acid sequence is required for recognition and cleavage 
of the pre-protein by an endopeptidase in the secretory path-
way or in which compartment of the cell this cleavage occurs.
In most known cases of limited and specific proteolysis, 
proteases recognize specific amino acid sequences in the poly-
peptides. For example, kex2p protease, which is responsible 
for maturation of the α-mating factor in yeast, recognizes 
and cuts at the C-terminus of a dibasic site, usually -RR- or 
-KR- (Kjeldsen, 2000). Similarly, the subtilases (SBTs) or pro-
protein convertases (PCs) in mammals also rely on the occur-
rence of dibasic sites in their target polypeptides (Rockwell 
and Thorner, 2004; Rholam and Fahy, 2009; Seidah, 2011). 
Site specific proteolysis has been reported in plants as well. 
Study of a virally encoded antifungal toxin (KP6) in trans-
genic tobacco suggests the existence of KEX2-like protease in 
the secretory pathway (Kinal et al., 1995, Jiang and Rogers, 
1999). Maturation of the peptide hormone Arabidopsis 
rapid alkalinazation factor 1 (AtRALF1) and the inactiva-
tion of the tomato wound signalling peptide systemin also 
indicate the presence of proteolytic enzymes in plants that 
target dibasic sites (Narvaez-Vasquez and Ryan, 2004; Matos 
et al. 2008). Also, research on antimicrobial peptides derived 
from Impatiens balsamina seeds predicts, but does not dem-
onstrate, the involvement of an endoprotease targeting a dia-
cidic (-EE-/-ED-) amino acid motif  as well as the involvement 
of aminopeptidases and carboxypeptidases in the processing 
of a single pre-protein to multiple functional peptides (Tailor 
et al., 1997). Further research involving chimeric polyproteins 
connected by a ‘linker peptide’ originating from the same 
pre-protein from I. balsamnia demonstrated the existence of 
Fig. 1. Amino acid sequence of the CAH1 pre-protein. The endoplasmic reticulum targeting peptide sequence is shown in blue, the large subunit in 
yellow, and the small subunit in green. The spacer region is shown in brown, with charged amino acids indicated by blue (cationic) and red (anionic) 
letters and emphasized by asterisks. The disulfide bond-forming cysteine residues are shown with a bar above, while predicted glycosylated asparagine 
residues are indicated with a bar below.
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proteases required for processing of the I.  balsamnia poly-
proteins in the secretory pathway of Arabidopsis thaliana 
(hereafter, Arabidopsis) (Francois et  al., 2002). Successful 
expression of processed CAH1 in tobacco and maize also 
indicates the presence of protease activity in the secretory 
pathway of plants (Roberts and Spalding, 1995). Multiple 
research articles have been published in recent years that sug-
gest the presence of proteolytic enzymes targeting specific 
amino acid domains within pro-proteins in various plant 
species (Matsubayashi, 2011; Schaller et al., 2012), although 
other specific amino acid motifs may also serve as protease 
processing sites.
We envisioned using the CAH1 pre-protein process-
ing system for coordinated expression of two or more pro-
teins in Arabidopsis by inserting the CAH1 spacer between 
their coding sequences. However, before proceeding, we 
reasoned it was essential to identify the determining fac-
tors for the proteolytic removal of the spacer. Therefore, in 
the research described here, we developed various strategies 
and constructs to explore the post-translational processing 
of CAH1 in Arabidopsis. We hypothesized that proteolysis 
of the CAH1 pre-protein is controlled by specific conserved 
motifs targeted by specific proteases. Our goal in the research 
described was to identify these specific targeted motifs within 
the spacer peptide. To this end, we designed a wide variety of 
constructs with specific amino acid sequence and larger scale 
sequence modifications to the spacer and the flanking regions 
of the CAH1 large and small subunits. To our surprise, our 
hypothesis was proved incorrect, and it appears that the pro-
teolytic processing of CAH1 involves an opportunistic endo-
proteolytic cleavage followed by further proteolytic digestion 
by carboxy- and aminopeptidases.
Materials and methods
Development of constructs
The CAH1 lacking endomembrane targeting sequence was amplified 
using the forward primer P7 (5′ GAATTCGCCATGGCTTGC AT 
3′) and the reverse primer P11 (5′ GAGCTCTAGACTTTAGTGAT 
3′) using previously cloned CAH1 full length cDNA from 
Chlamydomonas reinhardtii (Roberts and Spalding, 1995) In a 
separate experiment, previously cloned endomembrane target-
ing peptide coding sequence from Arabidopsis ‘basic chitinase’ 
gene (AT3G12500) fused with green fluorescent protein (GFP) (Y 
Nakamura and MH Spalding, unpublished results) was ligated 
with the BSSK4 vector between BamH1 and Sst1 restriction sites. 
This construct had EcoR1 and Nco1 restriction sites between the 
endomembrane targeting sequence and the GFP. Finally, GFP was 
replaced with CAH1 in the BSSK4 vector giving the final GrCon1 
construct in which CAH1 was fused with an Arabidopsis specific 
endomembrane targeting peptide coding sequence with the BamH1 
site at the 5′ end, and Xba1 and Sst1 sites at the 3′ end, while EcoR1 
and Nco1 sites separated CAH1 coding sequence from the endomem-
brane targeting sequence (Supplementary Fig. S1 at JXB online). 
The rest of the constructs were developed using standard molecular 
biology methods using the Gr1Con1 construct as a template.
The method used to name all the developed constructs is as fol-
lows. The constructs were grouped based on the location and nature 
of their modifications. Group 1 constructs (Gr1…) have modifica-
tion at the junctions between the large and/or small subunit, and 
the spacer peptide. Group 2 constructs (Gr2…) have modifications 
in the predicted target sites within the spacer peptide. Group 3 con-
structs (Gr3…) have large-scale deletions within the spacer. Group 4 
constructs (Gr4…) have large-scale modifications within the spacer 
peptide. Group  5 constructs (Gr5…) have deletions in the large 
and/or small subunits immediately flanking the spacer peptide. The 
last group of constructs, Group 6 (Gr6…), lack the spacer peptide 
entirely and also have progressively reduced numbers of amino acids 
separating the disulfide bond-forming cysteine residues of the large 
and small subunits. Constructs within each group are numbered in 
increasing order.
The strategies followed to develop the constructs are discussed 
in detail in Supplementary materials and methods along with the 
primer sequences. In short, all the constructs were developed first 
in BSSK4 vector that contains ampicillin resistance for selection 
of transformed E. coli, and were later moved to the binary vector, 
pCB302-3 (Xiang et al., 1999), which contains a kanamycin resist-
ance cassette for selection of transformed E. coli and a Bar gene for 
selection of transgenic plants. This binary vector has a multi-cloning 
site flanked by a 35S promoter and a Nos terminator for constitutive 
expression of the construct in plants, resulting in constitutive expres-
sion driven by the 35S promoter. In each case, successful ligation of 
the construct with the binary vector was confirmed by sequencing 
(using the primer P3: 5′ ACTCCACCTCGGAGCACCTG 3′) part 
of CAH1 PCR amplified with the forward primer P7 and reverse 
primer P11.
After the sequence confirmation, the modified pCB302-3 vector 
was transferred by electroporation into Agrobacterium strain C58 
using gentamycin, rifampicin and kanamycin resistance genes as 
selection markers. The transformation was confirmed by amplifying 
a part of the CAH1 construct with the forward primer, P7, and the 
reverse primer, P11. The transformed Agrobacterium cells were used 
for the generation of the transgenic plants.
Transgenic plant development
Arabidopsis thaliana, ecotype Columbia, wild-type plants were 
grown in continuous day conditions in the greenhouse at 22  ºC. 
After transformation by the standard Agrobacterium-mediated flo-
ral dip method (Clough and Bent, 1998), the wild-type plants were 
allowed to develop seeds for about 20 d, then subjected to dehy-
dration and seed collection. T0 seeds were sown on fresh soil, and 
transgenic plants were selected at the seedling stage by spraying with 
a herbicide, Liberty. Following isolation of genomic DNA from 
the transgenic plants using a standard CTAB extraction method 
(Murray and Thompson, 1980), the presence of the construct in 
each case was confirmed by PCR amplification using the primers P7 
and P11, purification (QIAquick PCR purification kit; Qiagen) and 
sequencing (ISU sequencing facility) using forward primer, P3, of 
the PCR product.
Confirmation of protein expression
The protein expression by individual transgenic plants was con-
firmed using a standard western immunoblot protocol. Total pro-
tein was extracted using protein extraction buffer (50 mM Tris–HCl 
7.5, 50 mM KCl, 4 mM EDTA, 1 µg ml–1 PMSF) and the protein 
concentration determined using the Bradford assay (Noble and 
Bailey, 2009). Protein (a uniform amount for all lanes of each gel) 
was heat denatured and treated with 2-mercaptoethanol to reduce/
cleave disulfide bonds, subjected to SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 12.5% polyacrylamide gels (Guide 
to Protein Purification), and electrophoretically transferred to 
PVDF membranes using semidry transfer (Bio-Rad). The mem-
branes were probed with rabbit anti-CAH1 polyclonal antibody 
(Roberts and Spalding, 1995), followed by a goat anti-rabbit IgG 
secondary antibody conjugated with horseradish peroxidase, and 
the cross-reactive bands were visualized by chemiluminescence 
(Yakunin and Hallenbeck, 1998). To verify formation of heterote-
trameric conformation, in some cases protein was not treated with 
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2-mercaptoethanol. The molecular masses of the SDS-PAGE bands 
representing large subunits of various constructs were estimated by 
calculating relative migration distance (Rf) of the particular protein 
band using a standard curve generated from molecular mass stand-
ards (Weber and Osborn, 1975).
Enzyme activity
Carbonic anhydrase activity was assayed by measuring the time 
interval required for a pH change from 8.5 to 7.5 in 3 ml of 25 mM 
barbital (pH 9.5 with KOH), 2 ml CO2-saturated water and 100 µg 
of protein (determined by the Bradford assay) extracted from indi-
vidual plants in protein extraction buffer (50 mM Tris–HCl 7.5, 
50 mM KCl, 4mM EDTA, 1 µg ml–1 PMSF). The time required for 
the pH change was measured three times for each individual sample 
and three times for the buffer alone and the average calculated for 
each. Enzyme activity in CA units/100 µg of protein was calculated 
as: [(average time for the buffer/average time for the individual sam-
ple)–1]×10. The formula was applied for each of the three readings 
for individual samples and the mean activity was calculated.
Protein purification, sequence and peptide analyses
CAH1 was purified from Arabidopsis plants by affinity chromatog-
raphy on p-aminomethylbezenesulfonamide-agarose as previously 
described (Roberts and Spalding, 1995). The CAH1 content of col-
lected fractions was determined by western immunoblot analysis.
Protein bands of interest were excised from gels. The gel slices 
were cut into pieces and washed with 500 μl of  100 mM NH4HCO3 
for 1 h with agitation. The gel pieces were further washed three times 
with 20 mM NH4HCO3–50% (v/v) acetonitrile. After dehydration in 
acetonitrile, the gel pieces were incubated with 10 mM dithiothreitol 
in 100 mM NH4HCO3 for 30 min at 60 ºC, followed by reaction with 
55 mM iodoacetamide in 100 mM NH4HCO3 for 30 min in the dark 
at room temperature for reducing and alkylation. The gel pieces 
were washed with 20 mM NH4HCO3 and dehydrated with acetoni-
trile, and the washing and dehydration procedure was repeated once. 
After drying at 37  ºC for 30 min, the gel pieces were swollen in a 
digestion buffer containing 20 mM NH4HCO3 and 10 ng μl–1 of 
tosyl phenylalanyl chloromethyl ketone (TPCK)-treated sequence-
grade trypsin (Promega, Madison, WI, USA) at 4 ºC. After 30 min-
utes, the supernatant was removed and replaced with 20 μl of  20 mM 
NH4HCO3 to keep them wet during overnight digestion at 37 ºC. The 
supernatant was collected, and the gel pieces were further extracted 
by two changes of 1% acetic acid in 50% acetonitrile. The solutions 
were combined with the supernatant and dried. One microlitre of 
matrix solution (α-cyano-4-hydroxycinnamic acid (CHCA) 10 mg/
ml in 50% acetonitrile (CH3CN)/0.1% trifluoroacetic acid (TFA)) 
was used to dissolve the peptides and applied on a matrix-assisted 
laser desorption/ionization (MALDI) target plate.
MALDI–time of flight mass spectrometry (TOF MS)/MS analy-
ses were performed by the Iowa State University Proteomics Facility 
using a QSTAR XL quadrupole TOF mass spectrometer (AB/MDS 
Sciex, Toronto, Canada) equipped with an oMALDI ion source 
and operated in the positive ion mode. Mass spectra for MS analy-
sis were acquired over m/z 500–4 000, and MS/MS acquisition was 
performed against most intensive ions after every regular MS acqui-
sition. The molecular ions were selected by information-depend-
ent acquisition in the quadrupole analyser and fragmented in the 
collision cell.
Column purified CAH1 protein was separated by denaturing 
SDS-PAGE, transferred to immobilon transfer membrane (0.2 µm 
pore size, Millipore), and stained with Coomassie Brilliant Blue 
R-250. The stained band corresponding to the predicted molecular 
mass of the small subunit was subjected to N-terminal sequencing 
on a Procise protein sequencer (model 494, Applied Biosystems, 
Foster City, CA, USA) by the ISU Protein Facility.
In order to evaluate whether any unprocessed small subunit 
was still connected to the large subunit, affinity purified CAH1 
protein was separated by denaturing SDS-PAGE gel and stained 
with Coomassie Brilliant Blue R-250. The stained band correspond-
ing to the large subunit was submitted to the ISU Protein Facility, 
where it was subjected to trypsin digestion, followed by separa-
tion of tryptic peptides by reverse phase HPLC (1 mm by 250 mm, 
C18 column from Vydac; Beckman model 126AA). MALDI-TOF 
analysis was performed on the resolved peptide fractions (Finnaga 
Met Dynax). The peptides from fractions that matched predicted 
molecular mass of peptides from the small subunit were subjected to 
N-terminus sequence analysis.
Results
Arabidopsis can express active CAH1
Successful expression of CAH1 protein from wild-type con-
struct Gr1Con1 (Fig.  2) was confirmed by western blot, 
which often showed two similar-sized bands running very 
close together, with the lower band more intense (Fig.  3A 
and Supplementary Fig. S2). Earlier studies reported a dou-
ble band for the large subunit of Chlamydomonas reinhardtii 
CAH1 on SDS-PAGE with a molecular mass difference of 
approximately 1.5 kDa (Kamo et al., 1990). Subsequent anal-
ysis demonstrated that this difference was not due to alterna-
tive processing of the large subunit, but rather to differential 
glycosylation of the three large subunit asparagine residues 
(Ishida, et al., 1993). We also observed the same pattern for 
this protein expressed in tobacco (Roberts and Spalding, 
1995). Thus, the double bands we observed on our western 
immunoblots most likely result from differential glycosyla-
tion of the large subunit. The apparent molecular mass of 
the lower, more intense band was estimated to be 37 kDa, 
matching the previously reported size (Ishida et  al., 1993). 
The CAH1 expressed in Arabidopsis also assembled into 
a form consistent with its native heterotetrameric form, as 
demonstrated with non-reducing SDS-PAGE (Fig. 3B). The 
small subunit was not detectable in western immunoblots, 
possibly due to the inability of the primary antibody to inter-
act with the small subunit. The presence of the small subu-
nit was confirmed by SDS-PAGE of affinity purified CAH1. 
The molecular mass of the small subunit was observed to be 
approximately 5–8 kDa (Fig. 3C), and N-terminal sequence 
analysis found heterogeneity in the N-terminal sequence, 
beginning with LAESAN most commonly but in a minority 
of the cases beginning with AESANP (Fig. 2 and Table 1). 
These results confirm that the small subunit is proteolytically 
cleaved from the pre-protein. N-terminal sequencing of the 
large subunit (Table  1) also confirmed that the N-terminal 
signal peptide was removed from the large subunit as 
expected. A  far higher carbonic anhydrase enzyme activity 
was observed in the transgenic plants relative to the control, 
non-transformed plants, confirming the expressed CAH1 was 
active (Fig. 3D).
The specific peptide sequence separating the large 
and small subunits of CAH1 may not be critical
In order to identify any conserved motifs targeted by pro-
teases cleaving the small subunit from the CAH1 pre-protein, 
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we designed a wide variety of constructs with specific modi-
fications to the predicted amino acid sequence (Fig.  2). In 
the first group of modifications (Group 1), we disrupted the 
amino acid sequence across the junction sites between the 
spacer and the large and small subunits by deleting, add-
ing or replacing amino acid residues. In the second group 
(Group  2), we specifically modified sequence motifs within 
the spacer representing potential, characterized proteolytic 
recognition sequence motifs. Because of the obvious dibasic 
sites evident in the spacer, these constructs were designed to 
disrupt dibasic (-RR-) sites and the lone asparagine residue to 
test for any essential role played by them in proteolytic cleav-
age of CAH1. In the third group (Group  3), we expressed 
CAH1 constructs containing a series of truncated spacer 
peptides with sequential deletions designed to reveal specific 
proteolytic recognition sequences within the spacer necessary 
for proteolytic cleavage. Somewhat surprisingly, none of the 
Group 1, 2 or 3 constructs disrupted the proteolytic process-
ing of CAH1 pre-protein (Supplementary Fig. S3A–C).
Specific motifs targeted by proteases could, in theory 
include any amino acid sequence, so to further probe the 
nature of CAH1 pre-protein processing, a group of constructs 
Fig 2. Amino acid sequence of the various modified CAH1 constructs. The spacer sequence is italicized, and the flanking sequences of the small and 
large subunits are in bold. Substitutions and additions are in blue font, deletions are indicated by dashes, and the key disulfide-bond forming cysteines 
are underlined. Determined cleavage sites of the small subunit are indicated by triangles, solid for the major peptide and hollow for minor peptides. Status 
of proteolytic cleavage of CAH protein for each construct is indicated in the last column. Estimated molecular mass of the upper band of Gr6Con1 was 
37 kDA and of the lower band was 35 kDa. Estimated molecular masses of the bands observed for partially processed Gr6Con2, in decreasing size, are 
42, 40, 37, and 34 kDa. Estimated molecular masses for partially processed Gr6Con3, in decreasing size, are 37 and 34 kDa, while that of unprocessed 
Gr6Con4 was 37 kDa.
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(Group 4; Fig. 2) with larger scale changes in the spacer were 
developed, including a reversed spacer, Gr4Con1, a miss-sense 
spacer, Gr4Con2, and a double spacer, Gr4Con3. Not surpris-
ingly, the doubled spacer length of Gr4Con3 had no apparent 
impact on CAH1 pre-protein processing (Supplementary Fig. 
S3D). The apparent normal processing of construct Gr4Con1 
(Fig. 4A), which not only disrupted the junction sites but also 
reversed the order and orientation of the amino acid sequence 
of the spacer, indicates the orientation of the spacer does not 
affect processing of the pre-protein, and this led us to specu-
late that the physical nature of the spacer may be more impor-
tant than the amino acid sequence.
The unique construct Gr4Con2, in which the spacer 
was generated by a frame-shift at the beginning and end 
Fig. 3. Arabidopsis expresses processed and active CAH1. (A) Western immunoblot of seven individual T1 transgenic Arabidopsis plants expressing 
Gr1Con1 and an untransformed control (NT). All transgenic lines show apparent double bands for CAH1, apparently due to differential glycosylation. 
Each lane contains 30 µg total soluble protein. (B) Nonreducing, western immunoblot analysis of total soluble protein from a transgenic Arabidopsis plant 
expressing Gr1Con1 with intact disulfide bonds. Ten micrograms of total soluble protein in each lane. (C) Coomassie stained PVDF membrane showing 
the large subunit at molecular mass 37 kDa and the small subunit at 5 kDa, from affinity purified Gr1Con1 construct. (D) Carbonic anhydrase activity for 
transgenic plant no. 3 expressing Gr1Con1 and two untransformed plants, NT-1 and NT-2. Total soluble protein used for the activity assay was 100 µg.
Table 1. Major and minor N-terminal sequences of the CAH1 large subunit (first three columns) and of the CAH1 small subunit (second 
three columns)
The construct names, major peptide sequence and minor peptide sequence, respectively, are indicated in the three columns of each set. The 
parentheses indicate expected amino acids which could not be confirmed due to ambiguous signals.
CAH1 large subunit N-terminal sequences CAH1 small subunit N-terminal sequences
Construct name Major peptide Minor peptide Construct name Major peptide Minor peptide
Gr1Con1 (C)IYKFGT EFAMA(C)I Gr1Con1 LAESAN AESANP
Gr5Con2 (C)IYKFGT (E)FAMA(C) Gr4Con1 NPDAYT AESANPD
Gr6Con1 (C)IYKFGT EFAMA(C)I Gr4Con2 SAESAN SANPDAYT
Gr6Con2
Upper two bands
(C)IYKFG (E)FAMA(C) Gr5Con2 L(A)ESANPD AESANPD
Gr6Con2
Lower two bands
(C)IYKFGT EFAMA(C)I Gr6Con1 SANPDAY DAGSAES
Gr6Con3
Upper band
(C)IYKFG (E)FAMA(C) Gr6Con2 ADAGSNP (D)(A)GSNPD
Gr6Con3
Lower band
(C)IYKF(G) (E)FAMA(C) Gr6Con3 Not detected
Gr6Con4 (C)IYKFGT EFAMA(C)I Gr6Con4 Not detected
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of  the spacer, has little sequence similarity with the origi-
nal spacer and disrupts the amino acid sequence at the 
junction sites as well as most, if  not all, identified and 
unidentified potential endoprotease target sequences 
within the spacer. The lack of  any change in the size of 
the resulting CAH1 large subunit relative to the positive 
control Gr1Con1 (Fig.  4A), together with detection and 
N-terminal sequencing of  the small subunit (Table 1), indi-
cates that this spacer with a unique amino acid sequence 
also does not hinder proteolytic cleavage of  the CAH1 
pre-protein, thus calling into question whether the nature 
of  the spacer is important for processing or even whether 
the spacer is required at all.
Spacer is not required for CAH1 processing
Because the results outlined above indicated that proteo-
lytic cleavage of the CAH1 pre-protein apparently was not 
solely controlled by the junction sites or by any specific 
amino acid sequence within the spacer, the role of the spacer 
was further investigated by a series of large-scale deletions 
(Group  6; Fig.  2), beginning with complete deletion of 
the spacer in construct Gr6Con1. Western blot analysis in 
comparison with the positive control, Gr1Con1, showed a 
prominent band the same molecular mass as the large subu-
nit of the positive control (37 kDa), suggesting proteolytic 
removal of the small subunit, and a second, less prominent 
protein band with slightly lower molecular mass (35 kDa) 
(Fig. 4D and Supplementary Fig. S4). The molecular mass 
of the smaller band is consistent with the expected molecu-
lar mass of the CAH1 large subunit lacking glycosylation, 
as seen with construct Gr5Con2 (see below), although the 
absence of glycosylation was not confirmed for Gr6Con1. 
The N-terminal sequence of the upper band from construct 
Gr6Con1 was consistent with the positive control (Table 1), 
and the N-terminal sequence of the small subunit obtained 
after affinity purification confirmed the proteolytic cleavage 
of the small subunit from the CAH1 pre-protein (Table 1). 
MALDI-TOF analysis of the more prominent upper band of 
affinity purified CAH1 of Gr6Con1 failed to detect any peaks 
matching peptides from the small subunit, further confirming 
that the small subunit was proteolytically separated from the 
pre-protein (Supplementary Fig. S5).
Non-reducing SDS-PAGE analysis of CAH1 indicates the 
CAH1 expressed from Gr6Con1 is not only processed but 
also apparently assembled into a disulfide-linked heterote-
trameric complex indistinguishable in size from that of the 
control Gr1Con1 (Supplementary Fig. S6). The successful 
processing and assembly of Gr6Con1 unequivocally dem-
onstrates that the sequence of the spacer is not important 
for processing; in fact, it demonstrates that the spacer itself  
appears dispensable.
Deletions in the flanking sequences of the large and 
small subunits are still processed
If  the spacer itself  is unnecessary for processing, the control-
ling elements for processing of the CAH1 pre-protein might 
be found in the sequences flanking the spacer in the large 
and small subunits. To investigate the potential role played 
by these sequences, two deletion constructs in Group  5, 
Gr5Con1, and Gr5Con2 (Fig. 2), were designed and expressed 
in Arabidopsis with alterations in these flanking sequences.
Deletions in construct Gr5Con1 of 10 amino acids from 
the mature N-terminus of the CAH1 small subunit, when 
expressed in Arabidopsis, resulted in large subunit protein 
bands indistinguishable in molecular mass on western blots 
from that of the control, Gr1Con1 (Fig. 4B), indicating that 
the absence of these flanking amino acids had no effect on the 
proteolytic processing of the CAH1 pre-protein.
On the other hand, deletion in construct Gr5Con2 of the 
C-terminal 10 amino acids from the CAH1 large subunit resulted 
in a CAH1 large subunit protein of molecular mass 35 kDa, 
approximately 2 kDa smaller than the positive control, Gr1Con1 
(37 kDa) (Fig.  4C). The 10 amino acids deleted in Gr5Con2 
included the asparagine residue (N297) known to be glycosylated 
Fig. 4. The length rather than the sequence of the peptide separating disulfide bond forming cysteines controls proteolytic cleavage of the small 
subunit. (A) Western immunoblot analysis of transgenic Arabidopsis plants expressing Gr4Con1 and Gr4Con2, along with Gr1Con1 and untransformed 
Arabidopsis (NT). (B) Western immunoblot analysis of transgenic Arabidopsis plants expressing Gr5Con1 construct. (C) Western immunoblot analysis 
of transgenic Arabidopsis plant expressing Gr5Con2 construct. (D) Western immunoblot analysis for size comparison between the large subunits of the 
group 6 constructs and Gr5Con2. For (A), (B) and (C) each lane contains 10 µg total soluble protein. Amount of proteins added in each lane in (D) are as 
follows: Gr5Con2, 28 µg; Gr6Con4, 5 µg; Gr6Con3, 40 µg; Gr6Con2, 36 µg; Gr6Con1, 6 µg; Gr1Con1, 16 µg; non-transformed plant, 18 µg.
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(Ishida et al., 1993). N-terminal sequence analysis of the large sub-
unit from Gr5Con2 revealed the expected amino acid sequence 
(Fig. 2), thus ruling out N-terminal truncation as a possible expla-
nation for the decreased molecular mass. MALDI-TOF analysis 
of trypsin digested, purified CAH1 large subunit protein from 
Gr5Con2 failed to identify the C-terminal peptide, but did identify 
the peptide ISFGQWNR (mass 1007.51 Da), which is 10 amino 
acids upstream from the expected C-terminus (Fig. 5A). No small 
subunit peptides were identified by MALDI-TOF analysis of the 
large subunit, and separation of the small subunit was confirmed 
by N-terminal sequence analysis of the small subunit from affinity 
purified CAH1 protein (Fig. 2 and Table 1). Again, these results 
clearly demonstrate the lack of any sole controlling role played by 
the 10 C-terminal amino acids of the large subunit in the correct 
proteolytic cleavage of the CAH1 pre-protein.
We developed two additional constructs to test the impor-
tance of the disulfide bond-forming cysteine residues in large 
and small subunits. In Gr5Con3 the cysteine in the small subu-
nit is replaced with alanine, while in Gr5Con4, the cysteine res-
idue in the large subunit is replaced with alanine. Expression of 
each of these constructs resulted in much reduced levels of pro-
tein expression suggesting that formation of disulfide bonds 
between large and small subunits may be important for stable 
CAH1 protein expression (Supplementary Fig. S7A, B).
CAH1 pre-protein processing is compromised by 
decreasing the number of amino acids separating the 
disulfide bond-forming cysteines of the large and small 
subunits
Since the spacer itself  was found unnecessary for proteolytic 
processing of the CAH1 pre-protein, and deletion analysis 
of the large and small subunit sequences flanking the spacer 
indicated they also played no controlling role in CAH1 pre-
protein processing, we tested the hypothesis that the dis-
tance between the intermolecular disulfide bond-forming 
cysteine residues in the large and small subunits is critical 
for processing. The total number of amino acids between the 
disulfide-bond-forming cysteine residues of the small and 
large subunits in Gr6Con1, in which the entire spacer has 
been deleted, is 21, so we designed three constructs (Group 6; 
Fig. 2), Gr6Con4, Gr6Con3 and Gr6Con2, with fewer amino 
acid residues separating these cysteine residues.
Construct Gr6Con4 completely lacked the spacer region, 
10 amino acids at the C-terminus of the large subunit and four 
amino acids at the N-terminus of the small subunit, bring-
ing the total number of amino acids between the disulfide-
bond-forming cysteine residues to eight, including two amino 
acids resulting from the addition of a BamHI restriction site. 
The large subunit of this construct, if  processed, should be 
essentially identical to that of Gr5Con2, which also lacks 10 
amino acids at the C-terminus of the large subunit, includ-
ing the asparagine residue known to be glycosylated (Fig. 2). 
Western immunoblot analysis (Fig. 4D) showed a molecular 
mass of 37 kDa for the immunodetected CAH1 protein band 
from Gr6Con4, which is very similar to that of the positive 
control, Gr1Con1, but significantly higher than the molecu-
lar mass of the CAH1 large subunit from Gr5Con2 (35 kDa). 
N-terminal sequence analysis of the affinity purified protein 
from Gr6Con4 confirmed the removal of the endomembrane 
targeting signal peptide, confirming that the size difference 
was not due to lack of removal of the endomembrane tar-
geting signal (Table  1). To determine whether proteolytic 
removal of the small subunit from the CAH1 pre-protein 
occurred with this construct, MALDI-TOF analysis was 
performed on the affinity purified, trypsin digested 37 kDa 
Fig. 5. The small subunit fails to be proteolytically cleaved from the large subunit in the Gr6Con4 construct. (A) Mass spectrometry data for the large 
subunit of Gr5Con2. (B) Mass spectrometry data for Gr6Con4. Molecular mass in daltons is given on the X-axis. The inset, smaller box shows peaks 
between molecular mass 998 and 1016 Da from the same mass spectrometry data. Intensity units are given on the Y-axis. (C) Partial amino acid 
sequence of Gr6Con4 spanning large and small subunits. The trypsin digested peptides identified by MALDI-TOF are indicated by the line above the 
sequence, and the trypsin digested peptides identified by Edman degradation are indicated by the line below the sequence.
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CAH1 protein from Gr6Con4 (Fig.  5B). The data indicate 
the presence of a peptide (AVAFGQNFR, molecular mass 
1009.5803 Da) from the normal small subunit retained in the 
37 kDa protein band, indicating the lack of proteolytic cleav-
age of the small subunit from the CAH1 pre-protein. Tryptic 
peptides from the affinity purified 37 kDa CAH1 protein of 
Gr6Con4 were isolated by HPLC and selectively sequenced, 
allowing identification of the peptide ECGSNPDAYTCK 
(mass 1287.4986 Da) bridging the connection between the 
large and small subunit sequences, as well as the CAH1 small 
subunit peptide AVAFGQNFR (mass 1009.13 Da), confirm-
ing that the mature CAH1 protein from Gr6Con4 retained 
the small subunit covalently connected to the large subunit. 
Although unprocessed, the carbonic anhydrase activity assay 
demonstrated the CAH1 protein from Gr6Con4 to be active 
(Fig. 6B).
Construct Gr6Con3 lacks the spacer region and 10 amino 
acids from the C-terminus of  the large subunit (Fig. 2), but 
the amino acid sequence of  the small subunit is intact, so the 
total number of  amino acids between the disulfide-bond-
forming cysteine residues is 12, including two amino acids 
from the addition of  a BamH1 restriction site. Western blot 
analysis comparing the molecular mass of  the immunode-
tected CAH1 protein from Gr6Con3 with that from the pos-
itive control, Gr1Con1, as well as from Gr5Con2, revealed 
two consistent, clear CAH1 protein bands (Fig. 4D), with 
the upper, more intense band (molecular mass 37 kDa) simi-
lar to the molecular mass of  both the positive control and 
Gr6Con4. Also identified was a lower, less intense band 
(molecular mass 35 kDa) similar to the molecular mass of 
CAH1 from Gr5Con2. The N-terminal sequences of  the 
two protein bands from affinity purified Gr6Con3 CAH1 
were consistent with the N-terminus of  the large subunit of 
Gr1Con1 (positive control), indicating successful and nor-
mal cleavage of  the endomembrane targeting signal peptide 
(Table 1). Protein samples from both protein bands (molec-
ular mass 35 and 37 kDa) were also subjected to trypsin 
digestion and MALDI-TOF analysis, which indicated the 
presence of  small subunit peptides from the upper band, 
but not from the lower band (Supplementary Fig. S8A, B). 
Tryptic peptides from the upper band of  Gr6Con3 CAH1 
protein were resolved by HPLC and selectively sequenced, 
revealing the presence of  tryptic peptides with masses con-
sistent with the peptide ECGSAESANPDAYTCK (mass 
1645.64 Da) bridging between the large and small subu-
nit sequences, as well as the CAH1 small subunit peptides 
NPQYANGR (mass 919.43 Da), confirming that the upper 
band of  Gr6Con3 included the small subunit covalently 
bonded with the large subunit of  CAH1. Furthermore, 
although staining was not sensitive enough to detect a small 
subunit band, tryptic digestion and MALDI-TOF analysis 
of  proteins in the expected small subunit size range identi-
fied a peptide of  the expected mass (1009.4257 Da) of  the 
small subunit peptide AVAFGQNFR (Supplementary Fig. 
S8C). Therefore, these results demonstrate partial process-
ing of  CAH1, where the small submit was processed from 
only some of  the CAH1 pre-protein molecules, while others 
remained unprocessed.
Construct Gr6Con2 lacks the spacer and nine N-terminal 
amino acids in the flanking region of the small subunit (Fig. 2) 
but contains an intact large subunit, so 16 amino acids sepa-
rate the disulfide-bond-forming cysteine residues of the small 
and large subunits. Western blot analysis consistently indi-
cated the presence of four separate immunodetectable CAH1 
protein bands. Relative to the molecular mass of the CAH1 
large subunit from the positive control, Gr1Con1 (37 kDa), 
the upper two bands appeared slightly larger (42 and 40 kDa, 
respectively), the second lowest band appeared similar in 
size (37 kDa), and the lowest band appeared slightly smaller 
(34 kDa), similar to that from Gr5Con2 (35 kDa) (Fig.  4D 
and Supplementary Fig. S3). Affinity purified CAH1 protein 
was subjected to N-terminal sequencing of the large subunits, 
but due to our inability to resolve all four bands sufficiently, 
the top two bands and the lower two bands were analysed 
as pairs. The large subunit N-terminal sequences, including 
minor peptide sequences, were all consistent with the positive 
control, indicating that all four bands had same N-terminal 
sequence (Fig.  2). MALDI-TOF analysis of the top two 
bands together, again due to our inability to resolve them suf-
ficiently, detected peptides from the small subunit, indicating 
the lack of proteolytic separation of the small subunit in at 
least one of the two bands, if  not both (Supplementary Fig. 
S9A). Small subunit peptides were not detected by MALDI-
TOF analysis in either of the lower two bands analysed sep-
arately, indicating the successful proteolytic removal of the 
small subunit in both (Supplementary Fig. S9B, C). Tryptic 
peptides from the upper two bands together were resolved by 
Fig. 6. Gr6Con4 construct expresses stable and active CAH1 protein. 
(A) Western immunoblot of three individual T1 transgenic Arabidopsis 
plants expressing Gr6Con4, an untransformed control (NT) and a 
transgenic T1 plant expressing Gr1Con1. Each lane contains 30 µg total 
soluble protein. (B) Carbonic anhydrase activity for the above-mentioned 
plants. Total soluble protein was used for the activity assay was 100 µg. 
Data represented as mean values of three readings with standard error 
bars. Mean values significantly different from the NT as determined by 
unadjusted paired t tests (P<0.05) are denoted by an asterisk.
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HPLC and selectively sequenced, revealing the presence of 
small subunit peptides AVAFGQNFR (mass 1009.13 Da) and 
NPQYANGR (mass 919.43 Da), and confirming that at least 
one of the two larger bands resulted from unprocessed CAH1 
protein where the small subunit was still covalently bonded 
with the large subunit. The successful detection of a small 
subunit in affinity purified CAH1 from Gr6Con2, confirmed 
by N-terminal sequence analysis (Fig. 2), is consistent with 
the lower two immunodetectable bands representing proteo-
lytically processed CAH1 containing only the large subunit. 
As with Gr6Con3, these results demonstrate partial process-
ing of CAH1 in Gr6Con2, where the small submit was pro-
cessed from only some of the CAH1 pre-protein molecules, 
while others remained unprocessed.
Regardless of whether the CAH1 from Gr6Con1, 
Gr6Con2 and Gr6Con3 was only partially processed, only 
one band was detected for each on non-reducing SDS-PAGE 
(Supplementary Fig. S6), suggesting that the processed and 
unprocessed peptides assembled into disulfide-linked com-
plexes indistinguishable in size from that of the control 
Gr1Con1 CAH1.
Discussion
Site-specific, limited proteolysis is an important step that con-
verts an inactive pre-protein into a functional, correctly folded 
mature protein. Investigation of endoproteases involved in 
pro-protein conversion has been extensively studied for over 
a decade. Various proteins trafficking through the endomem-
brane system that undergo limited, site-specific proteoly-
sis have been studied in detail in mammalian cells (Seidah, 
2011; Seidah et al., 2013) as well as in plants (Murphy et al., 
2012). In plants, important roles played by post-translational 
modification, including site-specific proteolysis, especially in 
generation of biologically active forms of small, secreted pep-
tides, have been well documented (Matsubayashi, 2011). Even 
though in some cases evidence indicates the involvement of 
dibasic residue targeting subtilisin-like proteases (Srivastava 
et al., 2008; Wolf et al., 2009), in many cases a clear under-
standing of the proteolytic enzymes involved is still lacking 
(Jiang and Rogers, 1999; Francois et  al., 2002; Qiao et  al., 
2012; Gu et al., 2012; Sugawara, et al., 2013).
Chlamydomonas CAH1 is proteolytically processed from 
a single pre-protein to release both large and small subunits 
that assemble into a heterotetramer (Kamo et  al., 1990), 
and this processing appears to be conserved in higher plants 
(Roberts and Spalding, 1995). Similar proteolysis also has 
been suggested by Francois, et al. (2002) in Arabidopsis dur-
ing transgenic expression of a polyprotein construct leading 
to production of two different antimicrobial proteins sepa-
rated by a spacer-like linker peptide. In the processing of these 
antimicrobial proteins the initial proteolytic cleavage was sug-
gested to be dependent on occurrence of a diacidic site such 
as Asp/Glu, but no direct evidence was provided to support 
the involvement of or requirement for the diacidic residues 
(Tailor et al., 1997; Francois et al., 2002). More recently simi-
lar proteolysis has also been suggested in the maturation of 
a small, secreted, growth promoting peptide, phytosulfokines 
(PSKs) as well as of pectin methylesterase (PME) (Srivastava 
et al., 2008; Wolf et al., 2009). In both cases, dibasic amino acid 
targeting subtilisin-like serine endopeptidases were shown to 
control the proteolysis. Based on earlier reports, we originally 
hypothesized that CAH1 maturation would involve limited 
and specific proteolysis through protease recognition of one 
or more specific amino acid sequences in the pre-protein. 
Since we envisioned using this pre-protein or poly-protein 
processing system in Arabidopsis for coordinated expression 
of multiple protein coding sequences separated by the CAH1 
spacer, we first proceeded to identify the factors determining 
the spacer’s proteolytic removal. Based on that motivation, 
we designed a hierarchical series of constructs intended to 
identify and pinpoint the target site(s) for proteases responsi-
ble for the proteolytic maturation of the CAH1 pre-protein.
The first set of constructs (Group 1) disrupted or modified 
the previously demonstrated junction sites between the spacer 
and the large and small subunits. The second set (Group 2 
and Group 3) eliminated identifiable, potential protease target 
sites within the spacer by sequentially deleting large stretches 
of the spacer. The failure of any of the modifications from 
Groups 1, 2 and 3 to disrupt the normal processing of CAH1 
suggested the lack of any specific amino acid recognition 
sequence controlling its proteolytic processing. The failure of 
constructs Gr4Con1 and Gr4Con2 containing, respectively, 
a reversed spacer amino acid sequence and a unique amino 
acid spacer sequence intended to disrupt spacer processing, 
further confirmed the lack of specific amino acid sequences 
as essential specific protease recognition sites in the spacer 
region.
The failure to identify a specific targeting sequence essen-
tial for proteolytic processing within the spacer prompted 
us to explore the large and small subunit regions flanking 
the spacer between the cysteine residues involved in inter-
molecular disulfide bond formation between these subunits. 
These cysteines are located nine amino acids upstream of the 
mature C-terminus in the large subunit and 10 amino acids 
downstream of the mature N-terminus in the small subunit 
(Fukuzawa et al., 1990; Kamo et al., 1990). Constructs lack-
ing these specific disulfide bond-forming cysteine residues, 
Gr5Con5 and Gr5Con6, resulted in much reduced levels of 
protein expression, indicating the importance of disulfide 
bond formation between large and small subunits for stable 
CAH1 protein expression (Supplementary Fig. S7A, B).
Since the peptide between these cysteine residues is com-
posed of an unusually high proportion of charged residues 
(Fig. 1; 17 of the 35 spacer peptide amino acids are charged), 
we hypothesized that following insertion of the CAH1 pre-
protein into the endoplasmic reticulum and proteolytic 
processing of the N-terminal signal peptide, the peptide 
sequences representing the mature large and small subunits 
may fold into their respective tertiary structures, leaving the 
connecting hydrophilic spacer peptide as a loop extending 
into the solvent. The published crystal structure of CAH1 
(Suzuki et  al., 2011) supports our hypothesis. The crystal 
structure of the mature heterotetramer shows that the small 
subunit is embedded deep in the pocket that forms an active 
site holding the catalytic Zn ion. The structure emphasizes 
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a protruding, unfolded spacer region that is presumably 
accessible to proteases, potentially making the proteolysis of 
the spacer an opportunistic but non-specific process. After 
opportunistic cleavage of the spacer by one or more specific 
or non-specific endoproteases, aminopeptidases and carboxy-
peptidases might progressively cleave exposed residues until 
steric hindrance from the folded large and small subunits pre-
vents them from progressing further.
We tested this hypothesis with a series of constructs incor-
porating deletions and modifications in the sequences of the 
large and small subunits flanking the spacer, as well as con-
structs with a progressively reduced number of amino acids 
between the disulfide-bond-forming cysteine residues of the 
large and small subunits. Our goal was to re-confirm that 
no specific sequence in the spacer or flanking sequences was 
required for processing and to reduce the number of amino 
acids between the disulfide-bond-forming cysteine residues, 
thereby progressively decreasing the size of the hypothetical 
spacer loop extending into the solvent and potentially inhibit-
ing proteases from gaining access.
Because no apparent effect on CAH1 processing was noted 
with deletions only in the flanking sequences of the large and 
small subunits, we concluded that no unique role in process-
ing is played by these flanking sequences. The only effect we 
noted with these constructs was a decrease in the molecular 
mass of the large subunit from construct Gr5Con2, which 
lacks all nine amino acids at the C-terminus of the large sub-
unit, including a confirmed N-linked glycosylation site. Thus 
the decreased large subunit molecular mass for Gr5Con2 can 
be attributed to the missing N-linked glycosylation and lack 
of a potentially bulky sugar complex.
The results from construct Gr6Con1, which entirely lacks 
the spacer amino acid sequence, provided an important 
advance in our understanding of the processing of the CAH1 
pre-protein, in that it demonstrated clearly that the spacer 
per se was not needed for processing or assembly. Together 
with the lack of any effect of the flanking sequences of the 
large and small subunits, this observation suggested that the 
length and physical characteristics of the amino acid stretch 
between the disulfide-bond-forming cysteines of the large 
and small subunits might be the key to processing.
Four constructs, Gr6Con1, Gr6Con2, Gr6Con3 and 
Gr6Con4, representing a progressively decreasing number, 
from 21 (Gr6Con1), to 17 (Gr6Con2), to 12 (Gr6Con3), to 
eight (Gr6Con4) amino acids between the key cysteine res-
idues, were used to test the hypothesis that the number of 
amino acids between these cysteine residues is key to allow-
ing an opportunistic processing of the CAH1 pre-protein. As 
mentioned above, our observations indicate Gr6Con1, with 
21 amino acids separating the key cysteines, was processed 
normally. Although there was, to a variable extent, a slightly 
lower molecular mass presumptive large subunit detected that 
may represent either a truncated or a non-glycosylated large 
subunit, there was no evidence from the MALDI-TOF analy-
sis for the presence of a non-processed CAH1 protein.
On the other hand, Gr6Con4, with only eight amino acids 
separating the key cysteines, showed no evidence of process-
ing at all, other than removal of the N-terminal signal peptide. 
This conclusion is supported by the presence of a single band 
with an apparent molecular mass much higher than the large 
subunit of Gr5Con2, with which Gr6Con4 shares in lack-
ing the whole large subunit flanking sequence, including the 
asparagine residue glycosylated in the control. Confirmation 
of the lack of processing was provided by the presence of 
small subunit sequences, confirmed by N-terminal sequenc-
ing of tryptic peptides, detected in the MALDI-TOF analysis 
of the purified, single CAH1 protein band from Gr6Con4, 
including confirmation of the peptide bridging the large and 
small subunit sequences. Enzyme activity assays performed 
using total protein extract from three separate transgenic 
Gr6Con4 T1 generation plants indicated an active form of 
the CAH1 enzyme, suggesting proteolytic separation of the 
small subunit is not necessary for enzyme activity.
Constructs Gr6Con3 and Gr6Con2, with 12 and 17 amino 
acids, respectively, separating the key cysteine residues, both 
yielded multiple large-subunit-containing CAH1 protein 
bands, which were confirmed to represent partial processing 
of the pre-proteins produced from these constructs. The two 
distinct bands observed with Gr6Con3 were demonstrated to 
represent an unprocessed pre-protein and a processed large 
subunit of CAH1 in the larger and smaller bands, respectively. 
Similarly, the four distinct bands observed with Gr6Con2 
were demonstrated to represent partial processing of the pre-
protein, with the two upper bands representing unprocessed 
pre-protein and the two lower bands representing processed 
large subunits. The best explanation for the occurrence of 
these four large-subunit-containing CAH1 protein bands 
resulting from expression of the Gr6Con2 construct appears 
to be that in both the upper, unprocessed pair and the lower, 
processed pair, the lighter of each pair either has altered gly-
cosylation or is lacking glycosylation completely, presum-
ably of the asparagine in the large subunit flanking region. 
Therefore, the results from constructs Gr6Con1, Gr6Con2, 
Gr6Con3 and Gr6Con4 demonstrate that decreasing the 
number of amino acids between the disulfide-bond-forming 
cysteines of the large and small subunits below about 21 
results in a decrease in the efficiency of CAH1 pre-protein 
processing, resulting in a complete lack of processing when 
only about eight amino acids separate the cysteines.
Our results suggest that the previously identified CAH1 
spacer region is not necessary for the proteolytic separa-
tion of the large and small subunits, although it may play an 
important role in the correct post-translational modification 
of the protein, such as N-glycosylation. We can also conclude 
that the efficiency of the proteolytic machinery in cleaving 
the small subunit from the CAH1 pre-protein increases with 
the number of amino acids separating the disulfide-bond-
forming cysteine residues, at least in the range of 8–21 amino 
acids. Our results also indicate that proteolytic separation 
of the small subunit is not a necessity for the production 
of an active enzyme, since the unprocessed mature protein 
from Gr6Con4 was active. This result raises interesting ques-
tions about the evolutionary and functional significance of 
the proteolytic removal of the spacer. Further experimenta-
tion using a homologous system will be required to reveal the 
importance of the proteolytic events in the context of proper 
Downloaded from https://academic.oup.com/jxb/article-abstract/67/8/2339/2885129/Opportunistic-proteolytic-processing-of-carbonic
by Iowa State University user
on 12 October 2017
2350 | Juvale et al.
localization, optimum post-translational modification or 
optimum activity of the mature CAH1.
This research reveals a potentially unique proteolytic 
processing progression. Our results suggest that proteo-
lytic processing of CAH1, albeit in a heterologous system, 
is an opportunistic process that relies on an unidentified 
endoprotease/s to make an initial, perhaps non-specific, cut 
in the hydrophilic amino acid sequence between the disulfide-
bond-forming cysteine residues of the large and small subu-
nits, the efficiency of which is related to the physical distance 
between these cysteine residues. The variable N-terminal 
sequence results from the small subunit suggests that after the 
initial cut, the exposed residues are cleaved by aminopepti-
dases and carboxypeptidases until the steric hindrance of 
the folded large and small subunits prevent them from cleav-
ing any further. Our inability to pinpoint a requirement of 
any specific amino acid sequence for the proteolysis suggests 
involvement of unknown, probably multiple, opportunistic 
endoproteases.
Supplementary data
Supplementary data are available at JXB online.
Figure S1. Schematic representation for in planta CAH1 
expression cassette.
Figure S2. Arabidopsis expresses processed and 
active CAH1.
Figure S3. Spacer does not seem to contain any specific 
motif  that controls proteolytic cleavage of the small subunit.
Figure S4. CAH1 pre-protein processing is compro-
mised by decreasing the number of amino acids separating 
the disulfide bond forming cysteines of the large and small 
subunits.
Figure S5. Spacer is not required for the proteolytic pro-
cessing of the CAH1 pre-protein.
Figure S6. Group six constructs form stable heterotetramers.
Figure S7. Mutants with mutated disulfide bond form-
ing cysteine residues show weak protein expression with an 
altered large subunit size.
Figure S8. Gr6Con3 is partially processed.
Figure S9. Gr6Con2 is partially processed.
Supplementary materials and methods. Development of 
constructs explained in detail with primer sequences.
Acknowledgements
We thank the Consortium for Plant Biotechnology Research and DOW 
AgroSciences for providing funding to support this research.
References
Clough SJ, Bent AF. 1998. Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis thaliana. The Plant 
Journal 16, 735–743.
Francois IE, De Bolle F, Dwyer G, Goderis IJ, Woutors PF, Weheart 
PD, Proost O, Shaaper WM, Cammue BP, Broekaert WF. 2002. 
Transgenic expression in Arabidopsis of a polyprotein construct leading to 
production of two different antimicrobial proteins. Plant Physiology 128, 
1346–1358.
Fujiwara S, Fukuzawa H, Tachiki A, Miyachi S. 1990. Structure and 
differential expression of two genes encoding carbonic anhydrase in 
Chlamydomonas reinhardtii. Proceedings of the National Academy of 
Sciences of the USA 87, 9779–9783.
Fukuzawa H, Fujiwara S, Tachiki A, Miyachi S. 1990. Nucleotide 
sequences of two genes CAH1 and CAH2 which encode carbonic 
anhydrase polypeptides in Chlamydomonas reinhardtii. Nucleic Acids 
Research 18, 6441.
Gu C, Shabab M, Strasser R, Wolters PJ, Shindo T, Meimer M, 
Kaschani F, Mach L, Hoorn van der RAL. 2012. Post-translational 
regulation and trafficking of the granulin-containing protease RD21 of 
Arabidopsis thaliana. Plos One 7, e32422.
Ishida S, Muto S, Miyachi S. 1993. Structural analysis of periplasmic 
carbonic anhydrase 1 of Chlamydomonas reinhardtii. European Journal of 
Biochemistry 214, 9–16.
Jiang L, Rogers JC. 1999. Functional analysis of a Golgi-localized 
Kex2p-like protease in tobacco suspension culture cells. The Plant Journal 
18, 23–32.
Kamo T, Shimogawara K, Fukuzawa H, Muto S, Miyachi S. 1990. 
Subunit constitution of carbonic anhydrase from Chlamydomonas 
reinhardtii. European Journal of Biochemistry 192, 557–562.
Kinal H, Park C, Berry JO, Bruenn JA. 1995. Processing and secretion 
of a virally encoded antifungal toxin in transgenic tobacco plants: Evidence 
for a Kex2p pathway in plants. The Plant Cell 7, 677–688.
Kjeldsen T. 2000. Yeast secretory expression of insulin precursors. 
Applied Microbiology and Biotechnology 54, 277–286.
Liu JX, Srivastava R, Che P, Howell SH. 2007. An endoplasmic 
reticulum stress response in Arabidopsis is mediated by proteolytic 
processing and nuclear relocation of a membrane associated transcription 
factor, AtbZIP28. The Plant Cell 19, 4111–4119.
Martoglio B, Dobberstein B. 1998. Signal sequences: more than just 
greasy peptides. Trends in Cell Biology 8, 410–415.
Matsubayashi Y. 2011. Small post-translationally modified peptide 
signals in Arabidopsis. The Arabidopsis Book 9, e0150.
Matos JL, Fiori CS, Silva-Filho MC, Moura DS. 2008. A conserved 
dibasic site is essential for correct processing of the peptide hormone 
AtRALF1 in Arabidopsis thaliana. FEBS Letters 582, 3343–3347.
Murray MG, Thompson WF. 1980. Rapid isolation of high molecular 
weight plant DNA. Nucleic Acids Research 8, 4321–4325.
Murphy E, Smith S, Smet I. 2012. Small signaling peptides in 
Arabidopsis development: How cells communicate over a short distance. 
The Plant Cell 24, 3198–3217.
Narvaez-Vasquez J, Ryan CA. 2004. The cellular localization of 
prosystemin: a functional role for phloem parenchyma in systemic wound 
signaling. Planta 218, 360–369.
Noble JE, Bailey JA. 2009. Quantification of protein. In: Burgress RR, 
Deutscher MP, eds. Guide to Protein Purification, 2nd edn. Amsterdam: 
Elsevier, 85–86.
Polge C, Jaquinod M, Holzer F, Bourguignon J, Walling L, 
Brouquisse R. 2009. Evidence for the existence in Arabidopsis thaliana of 
the proteasome proteolytic pathway: Activation in response to cadmium. 
Journal of Biological Chemistry 284, 35412–35424.
Rholam M, Fahy C. 2009. Processing of peptide and hormone 
precursors at the dibasic cleavage sites. Cellular and Molecular Life 
Science 66, 2075–2091.
Roberts CS, Spalding MH. 1995. Post-translational processing of 
the highly processed, secreted periplasmic carbonic anhydrase of 
Chlamydomonas is largely conserved in transgenic tobacco. Plant 
Molecular Biology 2, 303–315.
Rockwell NC, Thorner JW. 2004. The kindest cuts of all: crystal 
structures of Kex2 and furin reveal secrets of precursor processing. Trends 
in Biochemical Sciences 29, 80–87.
Schaller A, Stintzi A, Graff L. 2012. Subtilases – versatile tools for 
protein turnover, plant development, and interactions with the environment. 
Physiologia Plantarum 145, 52–66.
Seidah NB, Sadr MS, Chretien M, Mbikay M. 2013. The multifaceted 
proprotein convertases: Their unique, redundant, complementary, and 
opposite functions. Journal of Biological Chemistry 288, 21473–21481.
Seidah NB. 2011. What lies ahead for the proprotein convertases? Annals 
of the New York Academy of Sciences 1220, 149–169.
Downloaded from https://academic.oup.com/jxb/article-abstract/67/8/2339/2885129/Opportunistic-proteolytic-processing-of-carbonic
by Iowa State University user
on 12 October 2017
Chlamydomonas CAH1 processing in Arabidopsis. | 2351
Srivastava R, Liu J, Howell SH. 2008. Proteolytic processing of a 
precursor protein for a growth-promoting peptide by a subtilisin serine 
protease in Arabidopsis. The Plant Journal 56, 219–227.
Sugawara K, Honma Y, Himeno M, Oshima K, Namba S. 2013. 
The alteration of plant morphology by small peptides released from the 
proteolytic processing of the peptide TENGU. Plant Physiology 162, 
2005–2014.
Suzuki K, Yang S, Shimizu S, Morishita EC, Jiang J, Zhang F, Hoque 
MM, Sato Y, Sekiguchi T, Takenaka A. 2011. The unique structure 
of carbonic anhydrase αCA1 from Chlamydomonas reinhardtii. Acta 
Crystallographica D67, 894–901.
Tailor R, Acland D, Attenborough S, Cammue B, Evans I, Osborn R, 
Ray J, Rees S, Broekaert W. 1997. A novel family of small cysteine-rich 
antimicrobial peptides from seed of Impatiens balsamina is derived from a 
single precursor protein. Journal of Biological Chemistry 272, 24480–24487.
Thornberry NA, Lazebnik Y. 1998. Caspases: enemies within. Science 
281, 1312–1316.
Weber K, Osborn M. 1975. Proteins and sodium dodecyl sulfate: 
Molecular weight determination on polyacrylamide gels and related 
procedures. In: Neurath H, Hill RL, eds. The proteins. New York: Academic 
Press, 179–223.
Wolf S, Rausch T, Greiner S. 2009. The N-terminal proregion mediates 
retention of unprocessed type-1 PME in the golgi apparatus. The Plant 
Journal 58, 361–375.
Qiao H, Shen Z, Huang CS, Schmitz RJ, Urich MA, Briggs SP, Ecker 
JR. 2012. Processing and subcellular trafficking of ER-tethered EIN2 
control response to ethylene gas. Science 338, 390–393.
Yakunin A, Hallenbeck P. 1998. A luminol/iodophenol chemiluminescent 
detection system for western immunoblots. Analytical Biochemistry 258, 
146–149.
Xiang C, Han P, Lutziger I, Wang K, Oliver DJ. 1999. A mini binary 
vector series for plant transformation. Plant Molecular Biology 40, 
711–717.
Zhu X, Zhou A, Dey A, Norrbom C, Carroll R, Zhang C, Laurent V, 
Lindberg I, Ugleholdt R, Holst JJ, Steiner DF. 2002. Disruption of 
PC1/3 expression in mice causes dwarfism and multiple neuroendocrine 
peptide processing defects. Proceedings of National Academy of Sciences 
of the USA 99, 10293–10298.
Downloaded from https://academic.oup.com/jxb/article-abstract/67/8/2339/2885129/Opportunistic-proteolytic-processing-of-carbonic
by Iowa State University user
on 12 October 2017
